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ABSTRACT

This document is the Final Report on ARF Project 1158A01, sponsored

by the Bureau of Yards and Docks. The report covers the second year of

the. program.

The objective of the program is an analytical and experimental investi-

gation of nuclear radiation streaming in ducts and shelter entranceways.

In the program just completed the energy dependence of duct attenuation

was extended for gamma rays. Further duct geometry dependence was also

measured. Thermal neutron attenuation was determined for a non-point source

and the neutron attenuation was found to be extremely small.

Use of albedo theory to successfully describe the radiation streaming of

gamma rays was further strengthened and a computer code was prepared to

describe the streaming in a straight duct. The code will represent a tremen-

dous labor saving device for future calculations. An analytical analysis of a

straight duct, using albedo theory, is included in the appendix along with an

outline of future research needs.
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RADIATION STREAMINC IN SHELTER ENTRANCEWAYS

I. INTRODUCTION

In recent years increasing emphasis has been placed on survival

oriented research projects. Both the Military and the Civil Defense are

concerned with the protection of personnel and property against nuclear

attack, in terms of hardened bases and personnel shelters. This prdJect

deals with the nuclear radiation aspect of the weapon's output and how this

radiation behaves wliern allowed to fall on a shelter entranceway or durct.

Whea a-ucleax radiation is incident on a seml-Inflnite plane sutrface,

Conta.ning the entrance to a, duct or shelter entranceway, a certaiun quantity

of the radiation will be transvitted. The quantity of the radiation trans-

mnitted will depend on the duct cross sectional areas number of bonds, the

bend angles the length of eacti Jog, the wall snaterial, the energy and ty-pe

of radiation and the nature of source, 1. e., plane parallel, plane isotropic

or point.

Investigation of the above parameters Is the objective of this pvogram.

This document is a final report on the work done under Contract NBy-3185,

sponsored by the Bureau of Yards and Docks, and summarizes the results

of the second year scope of the contract covering the period. October, 1960

to :unet 1961.

Since the inception of the program in October, 1959, mnajor emphasis

has been placed on obtaining experimental data under sufficiently realistia

ARMOUR ErJAQCY OOUNDATION Of IL.iNOIS INSTItU?1 OF 11CHUD#tOtV
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conditions so that direct shelter and duct design criteria might be formu-

lated. Existence of such measurements then allows analytical investigation

to determine a general recipe to obtain the attenuation offer by any given

design of duct or entrancewayo The need for such researrh bas been

repeatedly stressed by others and need not be amplified here.

The Foundation is pleased to have the opportunity to conduct this

Investigationr for tha Navy and the Individual staff members on the project

look forward to continuing programs to complete the atudy in full,

A414OUR *1SIAROC 1O,, A IAW QA I LLII)*OI 5 | 2s ti or hiC$4gOLOO•
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HI. SUMMARY OF PRIOR WORK

In the previous report. ARY Ii58-1Z, we summarized most of the

analytical and experimental work done by others. We have recently

uncovered an old report containing differential neutron albedo information.

This work, done by Dr. S. W. Kash, who is now a member of our staff, is

summarized briefly.

A. DIfferentlat Neutron Albedo Data

Interesting Inforrnation about neutron reflectiort from different

materials, which can easily be related to the neutron nurnber albedo, was

reported by S. W. lNash * Kash used Chandrasekharle distribution expres-

slon for the reflection of a constant net flux falling perpendicularly on I.

sen•i-|nflnite, Isotropic scattering. absorbing tnedium. On Integrating

overall perpendicular outward directions, the expressions for the total

fraction of neutrons reflected from the semi-infinite medium3 for an arbi-

trary incident angle of a parallel beam is

ic Po. a) u -(1 - C) 1/2 H(110 C)

Whe~re

cqsý ra angle of Ineidence

C u ratio of scattering cross section to total cross section
of the semi-Infinite snediurm

it 1fljG) * Chandrasekhar's reflection distribution function.

g.ash, S. W., "Reflection of Neu.rons by a Semi*Infinite, Isotropic
Scattering, Absorbing Medium. " NAA-SR-275, Reactor Physics
0uarterly Progress Report, May-.Ttu)y, 1953.
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This, as well as the single scattering fraction expression £f 1o' C), are

plotted in Figure 1. It should be noted that these expressions lack the

angular scattering dependencu in their derivation. Also, it is interesting

to note that the single scattering approach is a closer approximation for

highly absorbtng materials.
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III. ANALYTICAL PROGRAM

A. Introduction

The problem of nuclear radiation transport through ducts and

shelter entranceways may be approached in many different ways. The most

practical approach is that which invokes the albedo recipe. The dose albedo

is defined as the ratio of the dose emerging from a surface to the dose

Impinging upon the surface. F'or this approach to be satisfactory, angle

and energ-g dependence of the albedo Is needed. Monte Carlo calculated

incldent angle and energy deperdent albedo values are available for gamma

2
rays only, and with very little informationt about the re-emjislon disrilbution

No such information is available for neutron albedos.

The albedo approach is the mnalit analytical method adopted in

mhost of the calculations done at ARW and has been programmed for the

A1RW UnIvac 1105. The program has also been prepared In F'ortran and

VIl1 caleulate the gamma ray dose and neutron flux distribution along the

centerllne In a straight rectangular duct of any hall width to length ratLoq

and for any source and detector centerilne position.

One of a number of reasons for coding this caleulation lies in the

fact that the computation of a rectangular duet involves a double Integration

(see Appendix III), and requires many man bours of calculation of effort.

especially when S/L is not small and no sumple appro•lmatioa for evaluating

the integrals is realistic.

"2. Berger, Ml. and D. Raso, "Backscattering of Gazinia Rays,#" N. Do.So
Report Nu. 598Z (July 24. 1958).
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B. Albedo Approach

The computer code utilUzes the following analytical approach.

In a rectangular duct of length If and half width 6, as shown izn F'igure 2,

let the source and detector centeritne positions be at a distance L and

Srespectively from the entranre of a duct. ror a point source strength

] kS 0 the direct contribution to the detector is:

kS0{4 4(L 2L "

The reflection contribution is to be treated for cosine or iaotropic re-

emission distribution or a combination of both.

1. Cosine Re-emission Distribution

The reflection contribution to the detector fror, a dif-

forterenia roof area dA located at Cy, , Q7

1 x x x xA x X xdA

where
R L +2 sac

2 2 z

R= ( L 2 )Z + seeO

A is the traction of the total re-emission distribution whlih is cosine.

I Is the albedo based on the first reflection

dA' a dxdy =ssec'• 0 dOdy.

A OI0UR RESEARCH FOVN DAuION Or ILLINOIS INSTI•UTE OF I•CU4N@OOT
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1

To include the multiple reflection, 0< should be replaced

3by.

a t
11 - e('K(,,I• y)

where

26 Y2+26 1 )-+2
L +28- 2 y z +4'2 ( ) 2 +-2 Z

The total reflection contribution from the whole duct surface area. to the

detector is:

'4

kSo 6Ao 8see a 0dodV
-C -- a' )R, - z

W X= 0 0-

2, Isotropic Re-ermission Distribution

For this cave the reflection contribution frona an element

area dAI at Cy, 6, 0) is

kS
" x x a'(E, x). Bx *- xdA47r R2  7r R 2

.Simon, A. ar• C. E. Clifford, "The Attenuation of Neutrons by Air

Duets In Shields, Nuc. Sci. and Engr. 1, 156-166 C19561.
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and the total reflected contrIbution to the detertor is:

kS 2Sk~o Bat a see• 0 dOd~

1 -1Ial !P2

where B Is the fraction of the total re-emission dist1ibution which Is

Isotropic, and 1 a I - A.

V) _ 48-2 9 166 4
L Z 4f- y )' + 4.4 ' v .Y ) Z 4 6 2

+ 4__ { 46 2 9 164
2+4_ 2 2 * 64

2 +48

where only the first three terms have beeni retained. Hare, both Xa and X

are derived for cylindrical geometry with the Simon and Clifford assumption•

that the multiple reflection integrand dominates for the tadiatio, scattered
I *)

points in a plane perpendicular to 0 at y. It Is also nosurmed that these

functions are not very sensitive to the dlfferenca between rectangular and

cylindrical geometry and so they are used with a radius equal to the half

width of the duct. In addition it Is assumed that they are also tot sensitive

to the position of the source and the detector.

AftMOt)5 SIGStARCM rOUNDAIIO OR StLIROIS INtSWIhYt& oF IIC144UOI@G
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The total flux seen by the detector is the direct plus the

reflected cOntr.ibutions

Id ks ( _ _A _ _ _ C9Zse
OT_____ 4r(LeL qx2 a,)a + 61 2 GdRdy

ya 12

C. Aledo Data

1. Gamma Ray"s

Monte Carlo calculated gan=% ray albedo values for

Incident angles ranzgig from O* to 900 and for energies from 0. 2 mev to

2 rnev were fitted to a simnple expreeuion. For Concrete, the eOqressson II:

-b cos 0 Best fit to gamrnma

a o + a 000 0 and Ueutron ineldent (I1I-C-1)
angle dependence.

where 0 Is the incident angloe and a, b and c are paiaxtietees to be evaluated

for the given gamma, ray or neutron source energy.

9',om the referonced report! little information about the

re-emission distribution, Is availablle. Where the co•ine and isotropic re-

emission distributions dominates for perpyndiuteaz and gra••ng incidence

respectively, the distr~luttioat i Louzd to be an approadrate fit to the

followlng:

.anOUa R$SIARCAR POUMWDIATIO 0 ILLINOIS l$1IlrUlr oQ3 rSCUN@OLOQ



Best fit to garnma
- Vuemission data

13€ - u -c. 3)

whaet A and B represent the cosine and Ieotropie so-ernission distribution

parts reepectvely. It is assumed tha,, the albedos £or othet rnaterials will

behave in a similar' way as concrete.

. Neutrons

Little incident angle dependence data. f•r neutrons is

avallable. Equation 11i-C- 1 may be used for an7 desixed 1ncident angle

dependence or if in equation Ion -C-!, b P c a 0, than e. V a and the albedo

is constant for all incident angles.

For re-emBission distribiations, again either isotropic

or cosine dependence ihould be used until dependences such as equations

SVT-1-2 aMd 111-C-3 for gamma rays have been determnined.

D. Programrndng Notes

The following are included to aid users of the computer

program.

1. g it sneasarod from the centerline of the duct.

. 70 oft. LI and La are measured (rem the duct entrance.

3. All source and detector positions are or th6 Genterlilne.

4. The progtarn, assumed symmettry about the centurline for' the four

faces and for the two halves of any fare.,

ARMIIOUR MSSSAaCN SODA' 0 IIlNOIS IIHMS1UIt QV YCtrVICOtTQo



1..
5. This program will work directly for a square cross section tunnel,

and with a simplc modification for other cross sections.

6. No approrciation based on,<> if used.

7T. This program can be used for a circular cross section duct of radius

6 by integration along y (let Q P 0, 0 A a

o 4N<

1 - by multiplying the reflection contributiorn part by N' . (See Input data.)

E. Code Input Data

The following are the Inpujt date, symbols necessary for all

cases that this program call handle. expressed in IT (Univac) aud Fortran

(IBM) program language.

rortran IT

Di ft" number of intrements of 9 to be Integrated over
but where n is always taken as an even nurmber.

D4 14 N: nmnber of increments of y to be Integrated over

but wher~e N is always taken its an even number.

Y202 YZ01 9 : the Initial value of Q expressed in r'adians.

Y203 Y20 9 n the final value of 4 expressed in radians.

Y204 Y203 y i the Initial value of y.

Y209 Y204 y : the ftnal value ofy

Y206 Y2-0 -i-: wheoe S tos the sou•ce strength expressed in R/hr.
0

Y 207 YZ06 4: the• total length of the duct.

Y 208 Y 207 b: the half wldth of th. duct.

Y 209 YZ08 1,i the source distance from the entrance end of the
duct.

ARMOUR R E19IARC14 •GJN DATIQNP OF t961I86# IRS# I.TUIt of It eWdatOGv



Va2rtran T

Y210 Y2o9 L 2 the detector distaneg £rorm the entrance end of
the duct.

Y211 YZIO a: a parameter ior the albedo expression.

Y I2 Y211 b; a parameeter for the albedo expresslon.

Y213 Yata C. a parameter •o• the albedo expression.

Y500 C499 S: a parameter designed to be 0. 1 and 2 for an
isotropir, Cosiue o; both, 4istri9•utions
re spectively.

Other eymbols used in the IT program nre listed below in

the order that they appear j the program.

Y216 AO

2
Was&Y224 62

Y228 P 0, Y U 0)
Y229 lK2(O h O, y- O)

Y230 coet (C. 0, yV 0)

C408 a',( Q0, y - 0)

Y231

TZTi
is the y subscript 1. L 46700

13 the inittal value for i or J

ARMOLY@ RSISAVC, I@UDIA356401 ILLIMtNoIS INSWITUIA OP t164UN1,Oi.GW
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Y217 0.

IZ the 0 subscriptj, 4 ;700

C401 62sec z

C402 R1

C403 cos

C404 Ce

C405 X (ficst part Of the X, expression)

Y218 a for 0 (sumrnation by Simpson rule)

C501 0 R * 0)

Y22Z B for yr

YZZ3 0R

F. S ample Pr~oblem

Fror dermonstration, ag well as checklng haow and what the code

does, a test problem was prepared, and a hand calculation performed as a

check. The sarnple problemn Is to ca•4ttlate the SanT•a• doese rate at a

centerline di stance of 6 feet froiij the entrancet of a 6 by. 6 toot. IS toot long

straigh .t concrete duct. A 0. 2 mev ooUrC4 of strength kSo., such that

k0 /7r2 I was chosent and the source: In positIbned 3 fact from the

entrance. The albedo parameters IL, b, and a vee fi~tted to tha NBS data

and found t[o boe 0, 48. 2. 0, and 0. 08, rfespetive•,y. A cosine ats well. as an
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1sotr'oplc imei-tesL•n d1stribution was expected, in whic1% case g 2.

(See provious Seetion. ) integration over 7 points (6 Increments, 491 anti

S11 points (L0 incrementse Ay) alo•ng the length of the duct are chosen. The

Input data neaded is as follows:

no 6 YN - 18 feet £ z a eet

N P 10 kS / -- I R/hr x it a 0.48
0

0 m.0 radians Ofi~ w18 feet b 0. 2

a O. 7854 radians a - 3 feet ca 0.08

Yo aOfeet L• 3f fet goL

The code "Nuoonditiona1" output ,Ull appear fa Lollows:

a 0.1072509 R/hr yo 0 feet S 18 feet u 0.019984 Rj/hr
kSo

am 0.48 ba 2.0 C= 0.08 - -" 1

Values of many of the intecrmediate steps of the calculation may be printed

out If "lconditiontl" output Is called for.

We note that the code Save 4 detector readingS of

0. 1072- Rlhr of which the reflected contribution ( 0 R a 0. 01998 RAhT) ia

approxImately 19% of the total.

A hand caloulatlon was performed to Insure the eorreht•ns of

the omnputer program.

The IT and rortran programs are given In Appendia M, The

rortran programn was translated directly from tha IT program but wai

niot run.

A •OqIU 9iGtA1ICW POUNOATON OF *INO8• INSTitUTE OF TSCI4NOLOGI
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IV. EXPERIMENTAL PROGRAM

F'rom the beginning of the Radiation Streaming program the domanant

philosophy which has guided the experimnental plantaing has been to design

experiments and perform measurements which will be amenable to theoretiftal

treatment. Because of the simplicity of albedo theory we have persisted in

the contention that the albedo formalieaz will more than adequately do the jot

of giviog the designer a tool to determine the radiation attenuation of a duct.

BeCause of the importance to the military (hardened bases) and to the

ctvid defense requirements (personnel shelters), this program has to date,

layed major emphasis an large ducts and entranceways.

A. Description of txperlments

rFigures 3, 4, and 5 show different views of a concrete entrance-

way having a single 90" bend. The width and height of the duct are 6 feet

With ! faoot thick concrete walls except where additional thLckness has been

added to ensure against radiation leakage between source and detector.

The•walls are built from interlocking blocks to avoid cracks.

Mlore detiAls wnay %-e seen In Figures 11 through 15 of AR.ItL5S-l2.

B. Gamma Dose tkate Distribut•on Mea.guramrnts

A.s the previous program had Investigated Co-60 C• a1. 25 mnov)

and Cs- 137 (0.67 myv) dose rate distributions in the 6 by 6 loot duct, we

wished to extend the studies to hlgher and lower photon energies. For this

purpose Na-24 (Z. 76 meva nd 1. 36 mev) and Au-198 (0.411 rnev) sources were
used.
ARMOUR RCSCARt. FOUNDAIION 08 ItLt110IS *$1rlITUlf OP TtCHNlWO1O@
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I. Sources

hbi gol• sou•rce was prepared In the form of a cylinder,

one (1) inch in diameter aad six (6) inches long. The gold cylinder wall

thickness was 0.01 tlrehes to minrimize photon self absorption and scattering.

The gold cylinder w".s slipped into a. thin walled (O. 017 Inch) aluminum can

of slightly larger dimensions and alurnInunt solder asaled. Such permanent

construction allows Sle source to be reactivated at any time in the future.

A five hour irtadiation of the 19. 3 grant gold source tesulted in an estimated

8. I curies of activity at shutdown. Study of the Au- 198 decay scheme indicates

that 99 out of every 100 disintegrations produces the desired 411 key photon.

The sodium source was made as follows: NaF, packed to a

3
measured density of 1.67 gJam by a high pressure press, was cotained In

an aluminum can and sealed. The active length of the Nar was 6 Inches and

of 7/8 inch diameter. The alrnintuin can contained a total of 54. 1 graams of

Na.

Na-24 has a decay scheme lilt Co-60 In that a Vaft of

cascade gammas roeult from each disintegattoin (C .3.76 inev and

E u 1. 37 mev). In order to be sure Chat aeli absorption was tat modifying

the spectruma. the source was given a one minute activation in the Armour

Research Reactor. One hour was allowed to be cartain that the Z. 3 minute

aluminum activity had decayed. The Na- 24 sourre was then placed I rneter

from a 3 r. 3 Inch Lat crystal and on axis and the spectrum swept out with a

411HOt,56 35S.I•A" O, A@VMU0 ,I O ISItItft O JtS||t•j 0 1 C NEC,4MOLOO



Z56 channel analyzer. The spectrum observed was £gund to •b• a perefet

Na-24 spectrum.

A twelve hour irradiation of the 54-. 1. rarn aocdtum souce

In the central exposure tube of the Armour Research Reactor prodneed

approximately 7. 4 curies of Na. activity. Fifteen hours of decay was allowed

so that known impurities Iln the aluminum c€ntatner were decayed out. When

the mea•eatefents started the source strength was appro~tinately 4. Z curlett.

The source, in all cases to be reported, is located In the

exact geometrical center of the duct, being raised by a pulley system from

a moveable pig on the floor of the duct. Detector expoesre times were

measured with a stop watch.

I.. Detectors

As for all previous we•.r the Landsverk Ionization

chambers were again used for all doso meas'turementa. Three-sixteenth

(3/16) inch thick bakelite sleeves, provided by Landsverk weree used for

allt ean.auements. The sleeves we3;e modified so as to cover the top of

the chambers as well.

No energy dependence masuurements were made. We

assumed the chamber's response to be linear up to 2. 76 mev. Yigure 6

is a photograph of the chambers employed. including the neutron detector

(3r,) aud cadrulum sle4va discussed later.
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a. Sodium~ source Measurements

An we wished to extend the study to incltde the effect of

long leg lengths, the 6 by 6 fOOt concrete entranceway was muodified as

shown in Figure 7. Here, part of the Reactor's biological shield was utsed- 12
to extend the length of leg/ 1 . % is defined as the distance from the

source to the beginnign of the bend. is seen to be 16 feat.

Figure 7 shows the three source positions S14' 810 and

S used. These source positions define three , too 14, 10,

and 7 feet. The positions labeled A. 1, laW, Ia, a, 3, 4, etc., up

to I Ia are the detector positions at which rneasurements were made.

Two points about the measured data need explanation.

First, referring to Figure 7, when a measurement is made at, say

position 3, that position is characterized as aI measurement for which

I& 8. We say the same measurement would be obtained if the remaining

8 faet of the duct behind position 3 were not prsevnt. This was established

in the first program and is valid for gamma rays only,. not neutrons.

Second saodLurn bas a half life of approximtately 15 hours

and thus decayed substantially over the week period required to make the

measurements. Decay corrections (ea ) were computed ior each of the 130

measurements made for the three source positions. The correction was

made back to the time of the first measurement (position A) for the first

46R"ouR fI$SCACW WOUNDAtto• Of atIlO•L $ 101610fulI O It&CWHOLO@Y

94



i.4A
44

F Io&A
FTAPHAT

49

.4

//

E.1

* A

Figure 7, Canmma Dose Rate 131strdbutLon Mee~s~iementil

AiIN@UIP 4bS1AUC1 FOUNDATIONh 00 ILLIN~OIS IMNSimIjit OP TECONVI-04S



source position uecl, S1 4 . Multiple rneasurententS were made at each

detector position and averaged.

The data lo Table I are plotted in Figures 8 and 9; the

data of Table 11. Ln rigures 10 and 11; and that of Table I!I in Figures i1

and 13.

Observation of Figures 9, 11, and 13 shows ar almost

11fR. falloff in the first leg. This is quite reasonable in view of the low

albedo for sodium energies. Note that for neutrons (Figure U6) the albedo

appears to play a more significant role In view of the nearly 1/I1 falloff.

Of significance is the slope of the second leg ( .) data.

rf the second leg data are normalized and plotted, all three .7. 10, ard

14) fail on top of each other. Hence, the rate of falloff in the second leg

appears to be independent of the length of , f•or sodium energies.

In Figures 12 and 13 the data point at 27 feet is clearly

a bad measurement. A review of the measurement data, however, offers

no Justification for disgarding the point.

Finally, no error measurements are Indicated as the

error Is lesa than the height of an error bar that eould be drawn. Prorn the

experimental point of View the total error in a measurement ts probably

less than 576. Only the energy dependence of the detectors at 2.76 meo As

in doubt.
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TABLE I

Gamma Dose Rate Measurement•t in 6 by, F act Concretet Entritaneway

Na-24 Point source at S14

- Measurement Centlerllne Dose Don*O
position diwtance rate attenuation

eworn source factor
S ti(VQ (ft) (mr/mln)

A 37 14 ... 0.0067 $2

1 36 14 16 0.0077 715

la 34 14 14 0.0105 523

2 3z 14 12 0.0138 398

3 28 14 8 0. 03z3 171

4 24 14 4 0.105 52. z

4a 23 14 3 0.164 53.6

24b Z 14 2 0. Z76 20.0

4a 21 14 1 0. 77 7.58

5 20 14 5.00 1.10

fa 18.5 14 ... 5.46

6 17 14 5.51 ......

6a 15.S 14 6.65

7 14 14 7.91 ......

8 II 14 -- 12. 4 ......

. 9 8 14 --- 2. z ......

10 5 14 --- 5. I

11 3 14 --- 146

I~ - .14 300

Dose attenuation faetor Is always defines as ratio of Position No. 6
reading to the position of xnaaurenment reading.
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Figure 8. Measured Gamma Dnns Rate Centerline Diatribution
In & by 6 Foot Conicrete Entranceway vwith Singlt e Right Angle Bend.
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Figure 9. Measured Ganma Dome Rate Gentatline Distribution
in 6 by 6 root Concrete Mntranceway with Single Right Angle Bond.
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TABLE II

Gamma Dose Rate Measurements in 6 by 6 Foot Concrete Entranceway

N a-Z4 Point, Source at S

Measurement Centerline " Da Dose
"position distance ;l J 2  rate attenuation

from source factor
Vt[) (VO (it) (mr/rain)

1 32 10 16 0. 015a 587

tat 30.5 10 14.5 0.0175 511

Z 28 10 12 0. 0J78 321

.3 24 to 8 0.0607 147

4 ZO 10 4 0.210 42.6

4a 19 10 3 0.330 £7.1

4b 18 10 2 0.621 14.4

4a 1? 1 Q 1 3.61 2.48

1 16 10 8.06 1.11

5% 14.5 10 t8. 83

6 13 10 ... 8.95

64 11.5 10 --- 11.4

7 10 10 --. 14.4

8 7 10 ... 28.6 ....-..

9 4 10 a-* 851 a .... am

9a a 10 3.. $40 ......

t0 10 ---t 1348 ......
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Figure 10. Measured Gamma Dose Rate Centerline Distribution
in 6 by 6 Foot Concrete Entranceway with Single Right Angle Bend.
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F'ig•re 11, Ueaeuasutd aamma Dose Rate Centerline Distribution
iA 6 by 6 Foot Concrete Entraxncewa•y with Single Right Angle Bend.
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TABLE |It

Gasnmna Dose Rate Measurements in 6 by 6 Foot Contcrete Zntrtnceway

1a--24 Point Source at 7

Mieasur ement Centerline Dose Dose
position distance I rate attenuation

from source factor

29 ? 16 0.0250 s58

lV 27 7 14 0.0409 359

-5 7 I& 0.0467 314

3 21 7 8 0.11$ 130

4 17 ? 4 0. 4Z3 34.8

4a 16 ? 3 0.661 22.3

. 4b Is 7 2 1.42 10.3

4c 14 7 1 11.8 1.3

13 7 U-- 12.9 1.13

1a 11.5 7 -1-- 14,.. .

* 6 10 7 Mae 14.7 .....

6a 8.5 ' - 19.8

47
71' 1' - -- 38. 3 -,,*

8 4 7 -- 83. 6...

28a 2 7 -.. 340

9 1 7 --- 1322.
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Filgure IZ. Measured Camma Dose Rate Centerline Distribution

in 6 by 6 Foot Concrete Entrazeaway with Single Right .Angle bencd.
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Figure 13 Mceasured Gamma Dos* Rate Centar1isno Dist ribution

IJ

in 6 by 6 Foot Concrete Entranceway with SiA~gle Right An~gle Bend
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b. Cold Source Measurements

The use of Au- 19 (0.411 inev) as a sou:rce was entended

to extend the dose rate distribution and dose attenuation factor studies to

lower energies. The albedo for garnima rays is known to have an extreme

energy dependence.

Meas•trements made with Au- 198 are given in Tables IV,

V, and V!, and the. data are plotted in Figures 14 through 19. Again. because

of the decay of the source (t 2 3. 7 days) all data is corrected for decay

back to the time of the first measurement. (Position No. 1, * 14). In

Figure 14, the point at 17 feet Is again a bad data point but must be retained.

Study of Figures 15, 17, and 19. again show that the

dose rate distribution function in the first leg falls off like 11R z Just as the

miuch higher energy sodium does. Comparlson of the data in Tables III

and VI for positions 7 and 8 shows that for sodium (Table Ii1) the dose rate

al.l off 3. 5% less than 1hRa while for gold the dose rate falls oal 7% less

than I/Ra. The dif.arenee between the albedos for say 2 mev (sodumrn

average) and 0. 4 rut, would give the factor of two difference depending on

the angle of Incidence chosen.

4. Analysis and Comparison

In an attempt to show trndis as the parameters, such as

o, and and energy vary, Table VII summarizes the done attenuation

ratios. Some pertit~ent observations are:
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TABL.E IV

Gamma Dose Rate Measurement In 6 b• 6 Foot Concrete 'Entranceway

Au-i98 Point source at S1 4

Measuremenrt Cnterline Dose Dose
position diatance A rate attenuation

from source factor

(it) (ft) (it) (mr/mlzx)

1 36 14 16 0.00313 301

la 34 14 14 0.00413 z28

a U3 14 1z 0.00597 157

3 a8 14 8 0.0143 65,

4 24 14 4 0.0453 20.8

4a 33 14 3 0.0646 14.5

4b 22 14 2 0.101 9.3

4c 21 14 1 o.t185 5.1

S ZO 14 m-- 0.990* ....-

6 17 14 0.- . 940*

7 14 14 1.62

8 11 14 2.601 ......

9 8 14 4.72 ......

10 5 14 --- 10.7 Mamma.

Ila 2 14 --- 67.1

Average of A readi.nga,
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10 Point Source . Au-19B (411 kIev)
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S 3 feet

1.0 o
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0. 01

0.003 1'0 15 20 Z' 310 3 0-
Genterline distance from Source in feet

Figure L4. Measured OCanma Dose Rate Centerline Distrlbutlon
In 6 'by 6 oot onCrte 1ontranceway w.th Singl e Right Angle Bend
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Point Source - Au-198 (411 key)

lo "P' 1 4 lfeet

.1. 6= 3 feetR2 q

mr /min

1.0

0.01

Centerline distance from source In feet
0.00i 2- A 3 4 S5 61' 8 9 10 15 20 25 30

Figure 15. Measured Carnrn, Dose Rate Centerline Distribution
In 6 by 6 T'oot Concrete Entranceway with Single Right Angle Bend
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TA BLE V

Gamnma Dose Rate Measurement In & by, 6 r'o¢t Conarete Enttanceway

Au-198 Point 6ource at S

Measurement Centerline Dose Dose
position distance 1 1Z rate attenuationt

from source ifact rI.(f)(it) (it) (mr/sin)

1 32 10 16 0.00616 303

V la 30 10 14 0.00934 200

z 28 10 12 0.0119 15?

3 24 0 7 8 0.07 5

4 20 10 4 0.0866 21.6

4a 19 to 3 0.150 1Z.

4b i8 10 2 0,227 8.23

4c 17 10 1 D, 596 3.14

5 16 10 -- 1,62 1.IS

6 13 10 -- 1.87

7 10 10 - 3.04

s 7 to -- 3.83

9 4 10 -- 15.4 .... a-

9a 2 10 -- 67.7 --.....
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Centerline distance tfrot• sourQe in feet

;Vtgure I 6 Measured Oamnia Weas Kate Gentorline Distribution
in 6 by 6 Foot Concrete Lntrahacway with Single Right Anigle Mufld
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FIgure 17. Measured Gamma Dose Rate Centerline Distribution
in 6 by 6 Foot Cona~rte Zatran;away with Single Right. Angle Dend
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TABLE VI

Gair-na Dose Rate Measurement in 6 by 6 ?rnot Concreta Entrancoway

Au- 198 Point Source atS

Measurement Centerline Dose Dose
position dIstance "1 rate attentiation

from source factor
(it) tit) (it) (mrr/rln)

1 97 16 0. 01O3 249

Za 7 14 0.0168 IR2

a 25 7 1 O.0229 134

3 21 7 8 0.053? $7.1

4 17 7 4 0.175 17.5

4a 16 7 3 0.291 12.2

4b 15 7 2 0.376 .1iS

4c 14 7 1 2.44 1.26

5 13 -w 2. 61 1.18

6 10 7 -M 3.07

7 7 7 MW 5.73 ......

8 4 7 -- 16.4 --..
Ba 2- 7 -- 67.2; ...
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Point Source - Au- 19 (411 key)

a T feet

Sa 3 feet

1.0

0.1

0.0! 1= . ,. .. ' _ . =

S 10 is zo Z5 30 35 40
Centerline distance from source in feet

Figure Is. Mbeasured Gammn Dose Rate Centerline Distribution
in 6 by 6 F'oot Concrete Zatranceway with Single R.ight Angle Bend
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Point Source - Au- 19B (411 key)
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rtgure 19. ?easuTed Catmna Dose Rate Centerline tHatribution
In 6 by 6 lFot Coagvete £.ntr'anceway with Singla Right Angle Bend,
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1. The attenuatiOn ratle of a duct decreases as becomes

shorte•.

Z. The attenuation ratio of a duct is larger for higher energies.

3. The performance of the second leg distribution is less

sensitive to the length of it for low energies.

I, TABLE VfI
Dose Attenuation Ratios Versus Energy and Length of

Energy Duct 4,'Dose
half attenuattion

width ratio

S~6

3a- 7 1 588

Au-198 3 7 16 249

Na-24 3 10 16 587

Au- 198 3 1t 16 303

Na- 24 3 14 16 715

Au-198 3 14 16 301

Wi Figures ZO and Z1 a eoipar•sou of 14a-24, Co-60 and

Au. 198 In the first a • and second ( legs is shown. These data, are

for 21 7 and aa 3 feet. The Co-60 data was taken Ironi Table V on

page 55 of the previous final report, ARF-1158-1.. The Na-Z4 and Au-198

data was normalized to the Co-60 data at positlon numb-r 517 (6) which is

aRMOUs 2s36ARCH fOUDAIOD Of tLiaaOIS IkS?IIVUI Of 1•GC•NOLOOY
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100-

|060

mr/i-niv

v 3 feet

8 + 3.feet X •

Data normalized to position 6
(7. 71 mr/rmin) for CO-60

(Table V, p. 55, ARF" 1158-12)
10

Cp'tw3'|lte distance from source In feet
S . *0 . . . .- 4 9 _ _ _ _ I_- ,__ _ _ _ _'1_Z

a 3 4. 56 i 8910

kiuT* 20. Comparlson of First Leg (Vj) Centerliue Gamma Dose Rate
Distrlbutions for Au, Co, and Na
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I

Data normalized to position 6
(7.71 mr/min) for Co-60

AA. 9

10 is 20 25 30 35 40

Vigure 21. Comparison of Second Log Canterline Gamma Dose Rate
Distributions for Au, Co, and Na
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Is the center of the right angle bene-,
t2

A 1hJR2 line ts drawn in Figure 20 for comparison. There

is no obvious reason why the Co-60 data show a greater deviation from

IR2. *We therefore suspect the data, which was taken under slightly

different conditions than the Na and Au data.

In Figure 21, for Iw the second leg, the Identical slopes

are puzzling. This might be explainable on the basis that the contributions

from albedo scattering from the walls of the second leg is negligible corn-

pared to the direct contribution frQro the four scattering surfaces which

snake up the right angle bend and which see both source and detector.

A tabulation of all existing ARF gamma ray data for full

scale concrete personnel shelter entraneoways Is given In Table VIII. The

attenuation factor is seen to decrease rapidly with a decrease in and

to also decrease rapidly as the energy decreases. Note the behavior of

the attenuation ratics of Na and Au as 2 varies. This is not understood.

C. Relative Worth of the F6uV Scattering Surfaces which Form
the Right Angle Bond

Given a duct with a fixed croses sectional area, a fixed and

and hence a definite attenuation ratio for gamma rays of energy V, we

wish to Investigate possible artificial ways of Inceasing that attenuation.

As lead has a lower albedo than concrete, an obvious device would be to

cover one or mare of the surfaees at the right angle bend. Questions of

importance are. what thickneno of lead and wbich surfaces ?
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A four (4) eurlo Co-60 souree was positione, ien the 6 by, 6 foot

entranceway as sho-wn in Irigurie 2 with meaeureMents to be made at

positions D and D * A lead sheet, 6 by 6 feet, was placed on the floer
6 1

surface (A 3 ). The data are given in Table IX.

The results show tdat the addition of 1/8 inch of lead to A3

(floor) reduces the dose rate D1 by about 1176. The addition of a second

1/8 inch lead sheet, 'giving a total lead thickness of 1/4 Inch an the floor,

did not iurther reduce the dose at D 1. The results are reasonable and

are explainable by observing the average distance through the lead the

incident and scattered gammas snust pass. We may also conclude that 1/8

•- -inch added to the ceiling would result in another 1 Ifs decrease, due to

symmetry. The attenuation ratios shown have little value because the lead

1 is affecting the dose rate at D also. We should have used another position

In A (closer to the source) In order to have a Aied reference (unaffected

by the addition of lead).

The above procedure was repeated for area. A 1. The results

are given in Table X. The tremendous weight of the lead (7 2 a 72 x 1/8

inch sheet) precluded hanging meor* than 118 inch en A I. aClearly', 18

inch of lead on A1 Iresults in a greater attenUation than on A 3 at A4. The

difference (•, 276) in the no lead Walues of Dl (0. 0221 - Table IN, and

0. 0217 - Table X) is due to reprodualb~lIty of soAtree and detector. The

data in the two tables mentioned above wesre talken an two different days,

the setup being necessarily disassurribled in-between.
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A4 (celing)

Figure 22. Experimental Geometry for Determining Contribution
from Scattering Surfaces

which Form Right Angle Bend of the 6 by 6 Foot Concirete 9Lntran•eway
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TABIE IX

Effect of Lead Sheet on Scattering Surface A3

Position Reading BNG Dose Rate Attenuatlon % Change
(mr/min) (mr/min) (mr/min) lRatio in D

SD~6/D

No Lead

1. 6 8.85 0.00065 8.85t ~~~397 ....
D 0. 0Z9 0. 00065 0. 0223

1/8 Inch Lead on Area A.3

D 8.96 0.00065 8.96
453 11.27/

D 0.0204 0.00065 0.0198

1/4 Inch Lead on Area A 3

D6 8.80 0.00065 8.80
6 440 10. 5%

D1 0.0207 0.00065 0.02000
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TABLE X

Effect of Lead Sheet on Scattering Surface A

Position R eading BNG Dose Rate Attenuation % Change
(mr/min) (mr/min) (mr/min) Ratio in D

D 6/DI

No Lead

D6 8.45 0.00065 8.456 390

0.0223 0.00065 0.0,17

118 Inch Lead on Area A1

'8.31 0.00065 8.31
6 462 17%

D 0.0186 0.00065 0.018
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'0o .inTAlate a perfect radiation trap the lead was removed and

the wall represented by area A (ceiling) was removed completely. The dose

rate at D1 1 decreased by 18%. Comparison with the data of pages 55 and 61 of

the previous final report (ARF 1158-12) show an 18% reduction also. The

reprodlucibility here is gratifying.

Finally, areas A and A2 were separately removed to determine

their worth. A summary of the results is as follows:

Area Reduction In I) dose rate due to removal of area

A1

A3  10%

A 18%
3

A4  18%

RefeorlnS agaln to Figure 22 note that, for example, area A 3 . is not

defined so as to represent the entire area of the Door seen by the detector

at Di. The shaded areas, seent by the sourre and detector, will contribute

to the reading -at DI along with A o. Thus, the reductions In dose rate

represent the specific total contribution that only tho designated area (A 3 )

rnulkes to D 1. The sum of the four area contributions does not therefore,

add to the total reading at Dl. because of the contributions due to the shaded

areas aMd any corner effect contribution.

In attempting to draw conclusions based an then measured data,

caution must be exercised. The mneasuri .!_ts show that each of the areas



7"

reduces the dose rate at D1 by approximately 2074, except A•. w1ich gilreS

10%. The ,neasuternents. however, say nothing about the absolute quantity

(dose) of radiation from each area.

Consider A z versus A 3* The incident angle for A is 0O. The

incident angle for A3 is 73. At I mev, the albedo for 00 incidence is only

115 of the albedo at 73°. Or consider A1 versus A3. The angl* of Ieladezce

is the same, but the angles of emergence to reach the detector diroctly

are in two different planes. This difference cannot be evaluated ao no real

differential albedo emergence angle dependence Is known to exist.

Finally, it must be emphasized that the reduction in the dose

rate due to removal of any one of the four areas has an P. and 6

dependence. As ;I and increase, the shaded areas of F'igure 2Z will

decrease and for a shorter A the effect of any one scattering area wil

diminish. Also, this experiment was done with a long in order to

reduce corner effect contributions to D1 to a minimum (^ 1%/.

D. Thermal Neutron Flux Distribution Measurement from
Plane Thermal Source

During the first year of the program measurements of epi-

cadmium and sub-cadmium neutron centerline flux distributions were made.

(See• ages 71 and '19 of AR" 1158- 12). Attenuation ratios were found to be

small and the agreement between measurement and calculation was poor.

The poor agreement was believed to be due to lack of any differential
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I
,ieutran albeda informatioOn needed for the calculations. Also* evidence wats

obtained which indicated the neutron number albedo was much large, than

gamma albedos and a single measurement gave a. value of 0. 675 fo• the ept-

cadmium neutron number albedo.

The second year neutron effort attempted to increase the

-. accuracy of measurements and to Investigate the effect of plane soQrces.

The sections to follow report the results of these measurerrents and describe

the conditions of the experiments.

1. Source

- As the full scale 6 by 6 foot concrete walled shelter

entranceway is built so that the face of the graphite thermal column of the

Armour Research Reactor covers the entire entrance of leg of, this graphite

face can be used as a source of neutrons. The geometry of the expariment

is shown in Figure 23.

As We were Interested In sub-cadmium neutrons two will

call them thermal), we wished to be sure that the neutrons coming fror the

graphite face were thermal. A series of measurements, using a cadmium

covered BF 3 then a bare BF., were suade. The ratio of the bare to cadmiumn

Covered count rate will be directly proportional to thermal to fast neutron

flux ratio. As we had no information an to the average energy of the fast

(epi-cadmium neutrons) no energy sensitivity cori-ections to the fast Count

were made.

A* 04PUR REA15ARC6i FOUN CAT,@N ON 0 1 LkI., NOI I N$%14U9V 0I& IOf 6C1 I Ot tit

3.'



A ~Reactor Biological1

CConcrete 
Shield

Reactor
Core4

GLýraphite
Face

.. 4

'Figure Us. Thc rm-al Neutroni DistrioLsiLus1 Measeureneats
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Meagurements of the thermal to fast count rates were made

at positions 12, 6, and I (Figure 23) and the ratios

Bare - Cd - Thermal
Cd Fast

formed. These measurements indicated that 99. 751 of the neutrons leaving

the graphite thermal column face and entering the duct were sub-cadmiurrn

" (� <1. 44 ev). Again, no counter efficiency correction to account for the

lfv drop in the boron cross section was possible as the average epi-

cadmium neutron energy was unknown. The tesults are sufficiently con-

clusive so as to call the measured distribution,' thermal or sub-cadmium.

2. Detectors

As was mentioned In previous reports, no tissue

equivalent neutron dose counters are commercially available, and as such,

all our measurements are of nimber flux. For this purpose a new and

more sensitive BF 3 counter was purchased. It had a 4-1/Z Inch active

length and was I Inch in diameter with an aluminurn cathode and 60 crn of

Hg pressure. This detector was checked for its gamnA ray sensitivity. Its

plateaut was determined for neutrons In the ganmA ray field expected te bae

present doring the measurement and for the length of cable needed. The

voltage used was 3025 volts with a I my sensitivity setting on the diserminI-

ator. (The detector can be seen in Figure 6.
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L. Source Distribution

In order to obtain the source distribution a BF counter
3

was covered by a 1/8 inch thich cadmium cylinder. Only the end area of the

counter was left bare. The c•'iint_•t waas positioned so that its axis was

perpendicular to the graphite thermal column face. With the reactor at 0. 1

watt power level, the counter was moved horizontally and vertically across

the center of the graphite face in six i.nch steps. The results of these

measurements are given in Table XI and plotted in Figure 24, A cosine

distribution is plotted for comparison and the measured distribution can

rather reasonably be described as an isotropic cosine source vertically and

horizontally.

4. Thermal Neutron Distribution Measurements - Results

The reactor power was again raised to 0. 1 watt and theerinal

neutron measutements made at the 24 positions Indicated in Figure 23. All

meauetremente, except positions B and C, were made an the centerline of the

*ntranrCeway, Note the concentration of points at the bend and the measure-

monts at positions labeled A, B, and C. the data are given La Table X1I

and plotted in Figures 25 and 26.

1A Figure 26. the data from Figure 25 is tuplmued a•d

labeled cosine source. In addition, previous data for a point thertnaW

Source (ARF 1158-12, Table XII, page 78), is plotted. The point source

data was normalized to give the same flux at position six (6), 45, 466 counts
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TABTE X%

Thermal Neutron Souree eistrtbution

Reactor Power 0. 1 Watt

Position Distance Position Distance
along the from the @tslmin along the from the eta/man
x axis left side y axis lower end

(inches) (i0cQhef)

1 0 50 175 1z 0 5,600

22 15,919 13 6 18,583

3 12 Z8, 636 14 12 31,755

4 18 40,745 is is 41,997

5 24 50, 716 16 Z4 53,867

& 30 58, 700 6 30 58,200

7 36 53,945 17 36 54,173

6 42 45,151 18 42 42, 386

9 48 32,096 19 48 34,035

10 54 19,090 20 54 18,811

11 60 3,519 21 60 5, 19a
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TABLE XII

Measaured Thermaal Neutron Flux Conterliue Distribution in 6 W 6 root

Concrete Entranceway froom Isotropic Cosine Thernmal Neutron Source

Position centerline •B3 Nuraber
distance 1 3 attenuation

from source ratio
(it) V4t (ft) (COonte/win•)

A* 40 1? -- 1,492 30.4?
- 17 -- 1, 60Z 28.38

C*** -- 17 -- 1,588 28.63
1 39 17 16 1,763 25.79

3a9 17 15 2,080 20.96
lb 35 17 12 3,425 13.27

2 32 17 9 5,248 8.66
3 29 17 6 8,469 5.37
4a 26 17 3 14,340 3.17
4b 25 17 2 17.953 2.53
4 c 24 17 1 21,888 2.08
" 23 17 -- 35,979 1.26

Ba 2z 17 -- 40,063 1.14
5b 21 17 -- 42847 1.06
6 20 17 -- 45,466
6a 19 17 -- 48,152 ..
6b 18 17 -- 52,350 ...
7 17 17 -- 581446 ...

8 14 17 -- 80, 869
9 11 17 -- 115,321 ....
10 8 17 -- 160,275 .....
II 5 17 Z49, 732 .....
12 2 17 -- 672,685 .....
13 0 17 -- I, 616, 682 .....

WOne foot ootside the aeonud leg
**three feet to the right on No. 1.
1*V1three leet to the left of No. 1.
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Source. Isotropic with cosine
S~di stribution vertically

and horizontally.

i=17 feet

*I* q 8 3 feet

* 10

7 6 25.79

D6.

Ioa

Genterl|ne dlstance from soure•s un feet

10 20 30 40 to

Figure 25. Measured Thermal Neutron Flux Centerline Distribution

Iin S b6' F Foot Concrete Entranceway with Single Right Angle Bend
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i/a

Wk1 Pin Cosine 1'/6 VA S.67

Source - Source
D 6/Dl 1 25.79

66

Centelin*e dc•istance ITOM A'cG it&ie,
10 A 0" 7 - I I I 0 -- I--

JI t 10 2050 6

Figure 26. Comparison of Thermal Neutron Flux Centerline Distributions
tor Point and Cosine Isotroplc Thermnal Neutron Sourges.
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per mIiute. NTote that the 16 ratios are not the sanle and bence

Influerne any comparison.

For convenien.e, a I/R line is drawn in order to observe

the rate of flux fall off in the first leg for the two different sources. Recall

tat the gammac dose rate falls off as I/R

Comparing the slopes of the cosine and point source

curves with the I /R line, both fall off like I/PI in the first leg (Of ). In

the second leg (f Z), the cosine source curve falls faster than the point

source. The attenuatiorn ratios (No. 6/No. 1) are quite different, and

disturtbnoly low. The cosine source has the larger attenuation ratio which

is fortunate since a. weapon detonated at a distance from the entrance to the

shelter would appear more as a plane Isotropic source, rather than a point

source at the entrance.

A number of points must be borne in inind in attempting

to draw conclusions from the measurements. The data is for thermal

nutrono. which from a delLvered dose viewpoint are grossly less important

than fast neutrons. However, the shelter entrance rnight be located at a

distance from the burst point at which a high thermal flux is present. It

it is argued that the scattering surfaces at the right angle bend could be

covered with boral or' Cadmiumn, the attenuation of the thermals would be

large. Unfiortunately, the boral or cadmiurm becomes a large source of

hard capture gainma rays. It is not Clear that we have made any gain Irom

a delivarbd dose viewpoint.

&*NOUN as tII cQu SOUNDA.O1,Oi 0•1 ULIIMOV$ 1•6I&TUTI" 0J IICH"WOtOGY

66



I
1'

Secand, for the point saurco the number distribution In

(alls off like IJR, Instga.d of ORiIa as the gamna distribution does,
T

because of the magnitude of the albedo for thermal neutrons (^, 0. 7). We

beleiev the slower fall off in 12 for the point source may be due to the

closeness of the sourGe to the bend ( X 9 feet), thus increasing the

corner effect contribution, ( t = 17 feet for cosine source).

If the fast neutron dose attenuation is anywhere near as

low an the number attenuation (p. 69, ARF 1158-12), a real problem #xisti.

Create? research efforts must be placed on neutron dose distrlbution data

and theory.
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j ~V. SUMhMARY AN~D CON~CLUSIONS

Completion of this prolgram has resulted in the availability of z.

Substantial amount of measured data on radiation distributions in ducts.

.uch data is highly necessary input to duct and shelter design and has con-

esdorable value in that it serves as a guide to the development of analytical

techniques.

Speeifically. gamma ray distribution measurements were extended

In energy and geometrical dependence. Thermal neutron flux distribution

meauurements for a non• pohint source were made and a computer code

"w.ftten which has a running time of appro3imately two minutes and which

gives dose distributions in straight square ducts.

Considerable effort was put out I•n order that complete details of all

m esnouements be clear and that the ealculations made and included In this

repot be eqaally clear as to methodology.

The third year of the program will concentrate on measurements In

duct@ of much smaller cross section than 6 by 6 feet and Include a second

-tight angle bend or third leg. The computer code will be extended to

hAndle ducts containiug right angle bends. 'The code will represent a

eiga•ifcart l.bor saving device to project personnel and will be avaiUable

for general use. Versons having a computation to be solved may p*epate

the program for their computer or submit the input to APr for running here.

The Foundation is pleased to have the opportunity to conduct this

program for the Bureau of Yards and DooIcs. We look forward to the next
AINOUS llStC" OUX4,"1O Olt lJ ILt401011 , I.01TI Of IEC4NLOO09
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p~has, of the prograrn anw woId be equally pleased to have the opportunty

to disause othev research pwojects.

ASoh4V 1A SI~ASCU FOUNCAVION Of tlikllitS iNS3IOUIN 00 VGCWSIQI@GGW



i

APPENDIX I

* BIBLIOGRAPHY

auMO•' *lIES&w UOUNDAI•9N 05; LLINOIS 1lSItUll Of. IECMNOLOG@@

70



I

APPENDIX !

BIB ILOGRA PHY

1. Bacus, J. R., TID4500 114th Ed,.) SGTMZl-59(16), "Transmission of
Neutrons by Cylindrical Ducts Penetrating Radiation Shields,
(Marrlh, 1959).

2. Bergser, M. J. and Raso, D. J,,, NBS Report 5982, "Backscattering
of Gamma Rays, " (July. 1958).

3. Clare, A. B., AERE-R2924, "The Measurement of Neutron Dose,"
United Kingdom Atomic Energy Authority Research Group Report, (1959).

4. Cure, J. W. and Hurst, G. S., "Fast Neutron Scatteringi A Correction
lor Dosimetry, " Nucleonics, Aug. 1954# pp. 36-38.

5. Davison, B., Neutron Transport Theory, Int. Series of Monographs on

Physirs. Oxford University Press; London (1957).

6. Elsenhauer, C. M. to LeDoux. J. C., personal communication.

1. F'isher, Edward, "The Streaming of Neutrons In Shields, " Nun. Scl.
and -ngre. I, pp. 222-238 (1956).

6. Glags, F. Iv. and Hurst, G. S., "A Method of Pulse Integration Using

the Binary Scaling Unit, "Rev. of Sdc. Inst. L3, No. 2, pp. 67•72a
(Feb., 1952).

C. Ooldstain, Herbert, Fundamental Aspects of Reactor Shielding,
Addison-Wesley Puhb. Co., Inc., Reading, Mass. (1959).

10. Holt, J. R, and Litherland, A. E. * $A Fast Neutron Spectrometer, "
Rav. of Sr!. Instr. 25 Z98 (1954).

1 1. 11ornyak, W. F., "A Fast Neutron Detertor," Rev. of SSc. Inst., .3.
INo, 6 (J.une, 1952).

12, Hungerford, ki. E., "Some Gzound Scattering Experiments Performed
at the Bulk Shielding Facility," CF-52-4-99 - Vow unclassified, (Apr. 195 2).

13. urstr, C1. S., Ritchie, R. IT., and Wilson, .. X.. "A Count-Rate Method

of Measuring Fast Neutron Tissue Dose, '0 Rev. of Sel. Instr. 22, 981 (1951).

4A 4 •1QV RISGARUCH $OUN ,AVION SO , 4LINO&CS IlUItYtI tlt of TICNHNOLOGY



1 ~in, Mixed R~adiati~on Dosimetry, 1 Sy1ra. an Selected Topics In Radiation

DosA-SR-275 'Vienna, Austsias

13 JonsnV V. adalthbrg E. nbok J., S.L-00 Dpcult.o of
!lualto, ~Dos aeCnesoFr sfrPs and IntearmeJadi1957

16 adia. . "efetion ofe~in Prvi ed ton ba~r Shears."flieIotoi

19. L.eDaux, Technical Reort 0258, Projec Y-FQI1-05-329, "ANucylear t

Critical Shlelding Volu~me lar Underground Shelte~rs.*

20. LeDouv, J. C.,g to ~Lsenkauer, C. M~., personal cornmuitication.

&I, Lefloux, Y. G,, and Chilton, A. B. . "Attenuation of Gammra Radiation
Through Rectangular Ducts and Shelter Entranceways - An Analytical
Approach," 11M Technical Note N-383.

22. PattersoN Hi. W.. H!ess, W. 14., Mayer, B. J., and Wallace, R. W.,
"The Flux and Speatrurn of Cosmia-Ray Produced Neutrons as a
F'unction of Altitude., 11Health Physics, Vol 2, pp. 69-72 (1958).

23. PerkIns, Z. Jr., "MUonte Carlo Calculation of Gamma-Ray Albedos of
Conarets and Aluminum# " :ou.r. of App. Phys. * Vol. 26, No. 6,
pp. 655-656 (lungu 19551.

24. Peebles, 0. H., R1.240, "Gamma-Ray Transmission Through Vinite
Blabs." 1 (ec. 1, 1952).

31. Price, W. J1., Nuclear Radiation Detcton, McCITaw..Hil Book Co.,
Inc.. New York(18.

26. Ritchiep R. H..* "Calculations of Energy, Loss Under the Wias In I'ast
N~eutron tDosimetry,"1 Health Physics 1, pp. 73.,76 (1958).

27. 1Roc~kwell, T. Ed. 0 "Reactor Shielding Desisn Manual,," TID-7004 119,56).

*&SNOUB OSSIABCM SOUNVDATION OP IttIVMBIS 4N $?I9tJW$61 09 ¶3NOL0Q9f



28. toe, C. M.. KAPL-.71 . "The Peawtratlorn Neutrons Through an
Empty CylIndrical Duct in a ShUeld."

29. ROSsi. H. I, and Zatlla, G.,. "Tissue-Equivalent Ionization ChainberS,"
Nueleonica 4, (Z)' 3Z (1956).

30. Simon, A. and Cliffod. C. E., CFr-5Z-b-165 Now Unclassified,
"Phenomenological Theory of the Attenuation of Neutrons by Air Ducts
in Shields, " (June 195 2).

3S. Simon, A. and Clifford, C. M., "The Attenuation of Neutrons by Air
Dtucs In Shields, " Na. Set. and Engr. , 156-166 (1956).

32. Shore. F. :, and Schamberger. R. D., BNL 390 (T-74), "The
Transntsslon of Neutrons Throagh Ducts In Water, " (March 1, 1956).

33. Spencer, L.. V.. and Hubbell, J. H., NBS-Report 5659, "Report on
Cut-rent K~nowlodge of Shielding from Nuclear Explosions."

34. Stepheonin, R., lILtroduction to N!uclear Lngineerhx, McGraw-Hill
SBooek Co., lnc. Now York (1958),

36. Striidpw, T, D. . Gilbrt, I.. s, and Auxter, J. A.. "Fast Neutron
&-attering from Thick Slabs, " Nn. Sol and Engr. 3, .11-18 (1957).

36. Tarks, L., sKAPL-201, "Leakage of Neutrons Past a Step In an
Annulus."

37. Terrell, C. W., Jeori, A., Lyday, R. 0., andSperber, D.,
ARF 1158-12, '"adiation Streaming in Shelter Entranceways," (June, 1960).

38. Terrall, C. W., "Radiation Streaning In Shelter Entranceways,"
NRDL-OCDM - Shielding Symnposiuna Proce dIngs, 0 Oct. 1960.
(San Fraxcisce Calif.).

39. Thampson, S. W., UCRL-2748, "Pottable Past and Slow-Netrt'on
Burvey Meter" (1954).

40. Vortnman. L. r. (DirLector), WT-1218 (Feb-May, 1955), "Operation
Teapot-Evaluation of Vardtos Types of Personnel Shelters Exposed
to "n Atomic Explosion."

41. Waguer. E. B., and Hurst, 0. S,, "Advaneces in the Standard Propor.-
tienal Counter Method of Fast N~eutron Dostmetry, 1 Rev. of Sel. Inst.
&9 No. a, pp. 1S53158 (Feb. 1958).

AMHOUR AisAtCk POUNDaiAOua 0o ILLINOIS *M•K$|titt Of i'[9sN-@tOG1

73



4Z. Wagner, M. 3. and Burst, G. S., "Carmna Reesponse and ETe~gy, Loss
In the Absolute Fast Neutron Dosimeter," 0Health Ph)rsics Zj pp. 57-.61
(1959).

43. W114, B. to Terrell, C. W., p* kAAf CORnMU~ntcation.

44. Whitcombe, D. W., AFCD-3423, "A Diffuslon Solution for the Cylindrical
Ducting Problem of Infinite Geometry. U

45. Young, 1. S. , LA-1938, "ParaffIn Cylinders to Measure Neutron Energies;'

46. Chilvn., A. B., 'Further Analyeis of Carnrra Ray Attenuation In TwQ.-
Legged lRectangular Ducts, Technical Note N-383, Project Y-FOU-05-329.

&RO.ue sQ Ac 1164 OtI*?O ILIuNeOtS swIITwf~tv 00 VICNHG&GOV

74



APPENDIX I1

FUTURE RESEARCH RECOMMENDATIONS

O8@

rT



APPENDIX I1

FUTURE REUSEARCH RECOMMENDATIONS

The ItemIzed list of suggested reseavch problems is brief but will

be ý:lear to those knowledgeable in the field. The list Is not in any order

ed Importance, nor is It complete. We are prepared to undertake these

stadies and would welcome the opportunity to have suggestions as to their

conduct.

1. Measurement of dose rate distribution In two leg ducts for fast

neutrons fromt point sources to develop the theory In order to

handle analytically,.

2. Measurement of fast neutron dose rate distributions In 2 leg ducts

for plane sourcev.

3. Measurnement of thernal neutron flux distributions in Z leg ducts

tor plano sources.

4. Measurement of fast a4etron dose rate distributions in 3 leg duct

(two right angle bonds).

S. ZxparImcntal deteiminatlon of differential (energy and an.gular

dependence) neutron abhodos.

6. Moasurement of gamma doso rate at pesItton one II), resulting from

removal of neutrons by absorlbers at the right angle bond suriaces.

7. Measurement of gawma dose e&te distributions in & leg ducts for

plane isotropic sources. (Use one or two sources and employ

SUperposition. 2
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8. Ueasurement of Sarnna dose rate distributions in three (3) leg

ducts.

* 9. Measurement of differential garnma albedos.

10. Completion of the computer code to calcuilate the dome rate

*distribution and the attenuation of a duct of any geornetry, any

energy of source, and for any num•1ber of bends.

11. Measurement of gamma dose rate distr•butions specifically for

t.Asston product gazmmas as a ftunction of time. A 7U-235 Rosslon

plate would be used as a sourGe.

1 2. Weasurement of neutron and gamma dose rate distributione in one

by one foot raross section ducts.
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" " liAPP•f-,IX Il

SEAMI-RIGOROUS ALBEDO ANALYSIS

Consider a. straight rectangula.r ductL o half thickness 8, length

and having a wall thickness equivalent to many moan free pa.the for

scattering of the source radiation. Let the souree be a point and located

on the duct centerline and In the plane of the ent-ranee. The detector to

placed on the centerline and In the exit plane of the duct.

The geometry of the problem is shown in Figuse 111-1. The

differential wall surface area dA is on one of the four %valls of the rectangular

duct. The referenco coordinate system is at the source. dA Ls a distanet

R1I from the source and R afrom the detector. Only the uncollIded and

once teflected radiation is to be conside~ed. This is an excellent appv'oxi-

mation for gammra rays but poor for neutrona. The uncolhlded flux reaching

the detector Is

The flux striking dA from the soauroe L at an incident ingloi of m tnasured

from the perpendicular to dA and is meen to be

S

4I

The reflected or re.'.emnteson flux from dA is a fractnftlen tp ant

which fell on. dA. o/Js called the albedo and In a function of the type and
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encerg and angle of Incidence of th• radiati•oz. Thus, the quantity of

radiati•.O leaving dA and reaching tli, detcttr J; to

where the re-eviasllon distributiom is taken as Ieotropic. Since we assurnc

a moncenargetic monrce of radiatton the albedo to takon as C•(0) tily'.

From rlgure 111- 1. the following may be ascatained:

dA n dx4V

Cos 0. = I/t
2 2Z •

Si The total reflected tAux reaching D irom athe one wall surface tI

0.S 6 !1dA (4)

SIG 1,01 U

Consldering tiat thero are f'ou" Synrnettlcal walls and •ubstituting in the

selationshlps fron, Figure LII-1,

S69 C/ (0) Cdxdy

f a+ pz +73 a1 P )
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The double integral is not conveniently handled axialyti~alIy without the

introduction of undesirable approximations (suGh as 8/6 1..f ) and in

addition we wish to Investigate the behavior of the integrand. Such investi-

gation requires resorting to double numerical Integration, a somiewhat tedious

process if any accuracy is desired.

In order to study the behavior of the Integrandthe following para-

meters were chosen as representative of a practical duct such as a shelter

entranceway.

14 feet

8 a 3 feet

Ax a I foot

"AV 1 foot

uE a O,.411mev(Au-198)

1 tnrlhr*x x urie
lZ x 10 /m -se3

,ergor and Rasoe• computed tho energy and (naident angle dependence

of gamira ray albedo. in Ionac"ete. Their data for 0. 2 and 0, 5 snev Is pLotted

and a linear oadlnate extrapolat.viz dona to the estimate 0. 4 mnev albedos. The

data is shown Inr Fgae III-:, plotted as a funrtion of the castno of the incident

angle, with energy as a parameter.

*Radiological Health Mandbook [p. 139).
*NBS Report 5982.
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0. 5

0.4 From NES R~eport .5983
0.4 .(Barger and Raso)

0.3

0. 2

0.!03 o

0.1 E = 0. 4mev
P!. a4. se

0 0.4 0. 20. 0.4 0.5 0. 6 0.17 0.8 0.9 1

Figure III-?w Doar. Albedos lor Goncrete, as a Fuwition of Llte Inciedent Angle.
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I

The integrand is evaluated for 15 values of y and 4 different values
I

of x as shown in the Tables. The behavior of the integrand is seen in

Figures 111-3 and I1-4, (The 10 factor is for convenience. ) Recall that the

source is at y = 0 and the detector at y = = 14 feet. We see that the wall

section closest to the duct center (x = 0) and the general wall area nearest

the source (y = 0 to 3 feet) will contribute heavily to the integrated value of

I(x, y). Also, that the area near the detector (y = 11 to 14 feet) is nmore

important than the area near the center of the duct.

Numerical integration of the four areas yields

I(x )= 150. 88

I(xl) = 140. 74

I(x 2 ) 116.55

I(x 3 ) 89. 85

In Figure 111-4, I(x) is plotted against x and a second integration again

pexformed by the trapezoid rule resulting in I(x, y) = 378. 63. We have

expressed the source in equation (5) in terms of dose, hence the solution

to five (5) required dose albedoe and gives the answer in dose.

6S 0- k 337010 3 7 8 6  x I7 x
06dxdy 2 3 L-6 2 0
0 i0t 10 x 1. 2 x 10 (30.48) 0

s 0. 0642 mr/min.
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I

The uncollided dose is

Sk
D = 2 0. 225 mr/min-Curie

The total dose rate seen by the detector, 14 feet from a one(1) curie point

. source of Au-198 (E -- w 0.41 mev) inside a 6 by 6 foot rectangular duct is

I D D D

0u, 225 +0.064

= 0. 29 mr/min per curie.

,. The albedo scattered contribution (D ) ta the total (D ) is seen to

be approximately 22%.

We now wish to have an experimental check a•; to the validity of the

analytical approach. We may obtain this by referring to Table IV. At

position 7 the source is 14 feet away. The measured value is 1. 62 mr/min

from a source of unknowni uurie strength and we assume the wall behind

the detector to make a negligible contribution, We have determined that

221o of the reading to due to albedo scattering, Therefore, 1. 62 x 0. 78 e

1. 27 mr/lmin direct from the aource. For a point source of 1 curie of

Au-190 we have

5 mr/niin dt 3 feet* or 0. 23 mr/min at 14 feet.

For the direct value of 1. 27 mr/mnin the source strength, at the time
1 . 27

of the measurement, must have been 1. ,4 5. 5 curies.

i *

Radiological HPalth Handbook (p. 139).
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Using the 5. 5 curie gold source, we measure a dose rate of

1. 62 mr/min at 14 feet from the source. Our analysis yields 0. Z9 mr/min-

Curies x 5.5 curies = 1. 60 mr/min, some 1% low.

The computer program described in Section III and in Appendix IV,

was given the problem with a six (6) curie source.

The input statement appears as

nle

W 14
4G)-Y201

q 4.7854
0.
114.
20.6
1.4.} 3.
01
1.4 .
*.425
2.1
.05
-c499
2.
mENDATA

mNOMORE

and the output as

10658466 00 0 1400ooo0 02 24037515-01
14000000 02 30000000 01 0 14o00ooo 02
42500000 00 21000000 01 50000000-01 2o6o00o0 02

0

A*MOU 3W RESIAR POUNDATION Of 16tINOI$ I N$SrTUI Of ?C•H OLOGY
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The total dose rate D at the detector = 0. 10658 R/hr = 1. 77 mr/min.
D

However, for a 5. 5 curie source

4..

5.5
DD 1 77 x - = 1.6Zmr/hr.

Measurement - 1.62 mr/min.

Hand calculation - 1. 60 mr/min.

Code calculation - 1. 62 mr/min.

1.

I..

V3-

ARMOUR RESFARCN FOUNDATION OF ILLINOIS INSTITUTI OF TI[CJHOtOGY
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A.

APPENDIX IV

I T AND FORTRAN COMPUTER PROGRAMS

1*
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A UNIVAC 1105, IT PROGRAM FOR RADIATION DISTRIBUTION

1. 1 READ F
2. v216:=(Y202-Y201)/ Ii F COMPUTE H
4. 3:GF
6. Y224:wY20)7*Y20D7 r
7. 'r225:mY20 6*Y296
8. Y226:-Y208*Y208 r

9. Y227:=Y209*Y209F
10. r228:-Q6E, (Y226+Y224 ~Q F
11. Y229:mQ6E, (Y227.Y224Q Q

12. Y23@:=Y207/Y228 rF
13.ceD:u(Y210*Q2Ec,-Y230*Y21:-Q)+(Y212*~Y230)
1.cZ&O8:-Ce F

15. YG:u(y2G6+y2e7u(Y225+2..*Y224)/Q6E,(Y225.I4.*y224)Q
16. ) F(.Y2717. cG:=(2.*Y2074Q6E,y23GQ )/( (l-Y0*C0)*Y229) F

i8. YG::mY2211/(Y225.4.F24
19. Yo:-( Y2e6/(2.*Q6E,(y225+4.*Y224)Q))*(1+YE*(2.25*Y
20. a*yo)) F
21. cG:-C)+(l.QO6E1 y230Q) 1-Ya*C4Go) F
22. cet-(c0OY205*Y224*C408)/( Y228*Y228*Y228*Y229*Y229) j?

23. Y231:rn(Y205*.7'854)/(Cy209-Y208)*(Y209-Y20C)) F
25. E) TY231TYOTC07Tc4 o8  F

26. 13:=2. F

26.5 v221:-Y203 F

27. 33 23,;5),3,-1,,4i-i, F
27.2 25 13tu1 F

27.3 30 v217t=Y201 r
27.4 9 G131FY201>(D. F
27.5 28 G131FY221>0. F

S27.6 31 Y217:uy2l7+y2l6 F
27.8 13:w? F

28. 13 3;12,13.,1,1+1,F
28.6 32 12:mi2.l F
29. 2 c12:nY224/(Q4Epy2l7Q*Q4 r,,y2l7Q) F
30. c401:=C1 F

31. ci2:-Q 6 ED(CI2+CY22l-Y2GO)C(Y?221Y2(08))Q F
32. &402:4C12 r
33. c12:-Y207/CI2 F

34. G7irc499meF
35. Q81Fc499m.1
36. o6t~c499g.2. f
37. 7 cI4a3:.o F

38. Y230:-e r
39. G5F
4e.. 8 c403:u1 ol-
41. 'i230:ml.. F
42. 05 F
43. 6 ci4o3-,-s12
44. 5 c;2:m(T2l0*(Q2E,(-CI2*T213.)Q)).(Y212*CI2) F
45. c4o4amCI2 F
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46. G191Fc403=9.
4i7. y12!:=(((yZ@,,'jy221)*(Y2c)6-Y221))+2.*y224)/Q6&,
48. (((Y20)6-Y221)*(Y20)6-Y221) )44.*Y224)Q F
49. Y1I2:=(Y2G6+.(2.*Y207)-( ((Y221*Y221)+2.*Y224)/q6E,
50. ((Y221*Y221)+4.*Y2 ý4)Q)Y2 )/( 2.*Y207) F
51. c12:-(2.*Y207/(l-YI2*Ci2))*Q6F.,c4,03/*(((Y22l-Y2e9)*(Y
52. 221--Y29) )+cli.1)Q
53. TYI2TC2T12TC4 04  F

54. 19 G11IFc4G3-1. r
55. Y 12:mY224/( ((Y2G6-Y221)* (Y206.y221))+4.*Y224) F
56. Y12:=1l+Y12+(2.25*Y12*Y-i2)F
57. Y12:=YI2*(Y2o6-Y221)/Q6E,(((Y2o6-Y221)*(Y,.e6
58. ~ Y221.))+4.*Y224)Q F

59. c405:mY12 F
60. Y1I2iimY224/( (Y221*Y221 )+4.*Y224)
61. Yz2:=(l.+Yl2+(2.25*YI2*Yl2))*(Y2221/Q6e,((Y221*Y221)
62. +40*Y224)Q) F

62.5 TY12Tc4 05 F
63. v,2:a=Cyi2+c4@5)*.5 F
64. 17 G27, Fc4@3>0. F

66. 26 ca2:-0G. F

67. 27 c12:imCI24.(1.-Q6c.,c4o3Q)/(l..YI2*c4e4) F
67.5 TY2M~2 F

68. 11 c1 ~2=C 2*Y20)5*C4e4*c4eD1)/( ( c42*c402*C402 )*( ((Y221-
69. Y2G9)*((Y221.Y209) )+C4a1)) F
70. TY12TCi2Tc 4 G3Tc40&1 r
70.5 12:mi2+1 F

71. 3 Y217:-Y217+Y216 F

72. Y210:00 F

74. 4 ,Y2lB:=Y210*( 2.*C12)+4.*C( 1241) F

75, Y(i54500):-(Y216/3. )*( cO+C4.*cl)+Y21&c il)F
76. Y220:in(Y20t4-Y2C3)/ 14 F
80. C50-1:=Y50l F

83. 22 c( 5+5G0):-YC 15+500) F

84. TC(154500)TI5 F

85. 23 Y221:rnY,221+Y 220 F
86. Y222:-G F
87t. 16 24,15,3,2,14-.4 F

88. 24 Y222:aY2224.(2.*C( ,5+5o0))+4..C(15+501) F
88.5 TY222 r

89. Y2232m(Y220/3..)*( c5013+(4.*c502)+y'222+C( i4.i)) F

90. Y232:-Y2234Y231 F

91. 14 TY232TY203TY204 T'r223 F

92. 15 TY2e6TY207TY208TY209 IF

93. TY228TY229TY230TC W~ F
94. TY216TY220TY501TC501 F
95. 21 TY210TY211TY212TY205 F
96. 10 T(O.) F

97- I-Al FF

Note - There is no difference between upper and lower case letters in the IT Language.

ARMOUR i mS jA CH FOUNDATION OF ILLINOIS INST I TUTE OF T iCHNOLOG.Y

96



AN IBM 1620, FORTRAN PROGRAM FOR RADIATION DISTRIBUTION
IN STRAIGHT DUCTS.

DIMvENSION Y(701). C(701)
READ, Ii,D1,I4,D4, C(500)
DO) 40 j=202, 213, 1
READ, Y(J)

40 CONTINUE
Y(Z17)=(Y(Z03)-Y(Z0Z))/D/
13=0
Y(225)=Y(208)*Y(Z08)
Y(226)=T(Z07)*Y(?.07)
Y(227)=Y(Z09 )*Y(209)

Y(Z28)=Y(Z1o)*Y(2 10)
TEMP=Y(227)+Y(225)
Y(229)=SQR(TEMP)

* ~TEMP=Y( 228)+Y( 225)
Y(230)=SQR(TEMP)
Y(231)=Y(Z08)/Y(229)
TEMP=(-Y(Z31))*Y(212)
C( 1)=(Y(21 1)*EXP(T'EMP))+(Y(z 13)*Y(23 1))1 C(409)=C(l)
TEMP=Y(226)+4. *Y(225)
Y( 1)=(Y(207)+Y(208)-(Y(226)+2. *Y(225)) /SQR(TEMP)) /(Z. *Y(208))
C( 1)=(2. *Y(208)*SQR(Y(23 1))) /((1 . -Y(1)*C( 1))*Y(230))
Y(l)--Y(2Z5)/TEMP
Y(1) =(Y(7-07) /(Z. *SOR(TEMP)))*(1. +Y(1)+(Z. Z-5*Y(1)*Y(1)))
C(1)=C(1)+(I,. -SQR(Y(231)))/( 1. -Y(1)*C(409))
C( 1)u(C( 1)*Y(206)*Y(Z25)*C(409)) /(Y(229)*Y(229)*Y(22.9)*Y(230)*Y(230))
Y(232)=(Y(206)*. 7854) /((Y(Z 10)-Y(209))*(Y(2 10)- Y(209)))
IF(SENSE SWITCH 1) 41.42

41 PUNCH, Y(Z32),Y(1),C(1),C(409)
13 =1

42 Y(222)=Y(Z04)
Ml1=13+1

M2=14+2
DO 23 15mM1, M2, 1

25 13=1
Y(218)=Y(202)
IF(Y(202))28, 28, 13

Z8 IF(Y(222))31,31,13
31 Y(218)=Y(Z19)+Y(217)

13 =Z
13 M4=13+1

M5=11+2
DO 3 M3 =M4, M5,1I

32 12=M3-1
C(I2)=-Y(225) 1(COS(Y(Z18))*COs(Y(218)))
C(40Z)=C(IZ)
TE-MPTC(IZ)+(Y(222)- Y(209 ))*(Y(222)-Y(209))
C(I2)=SQR(TEMP)
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C(403)=C(IZ)
C(12)=Y(208)/C(12)
IF(C(500))43, 7,43

43 lF(C(500)-l.)44,8,44
44 IF(C(500)-2. )7, 6,7
7 C(404)=O.

Y231) =0.
GO TO 5

8 C(404)=1.
Y(231)=1.
GO TO 5

6 C(404)r=C(12)
5 TEMPu(-C(IZ))*Y(212)

C(12)=(Y(Z 11)*EXP( TEMP))+(Y(2 13)*C(I2))
C(405)=C(I2)
IF(C(404))45, 19,45

45 TEMP=(I(Y(207)-Y(Z22))*(Y(207)-Y(Z2Z)))+4. *Y(225)
Y(I2)u(((Y(207)-Y(222))*(Y(207)-Y(222)))+2. *Y(Z25))ISQR(TEMP)
TEMP=(Y(22Z)*Y(222))+4. *Y(225)

L TEMP-((Y(2ZU]*Y(2Z2))+2. *Y(225))/SQPR(TEMP)
Y(I2)=(Y(207)+(Z. *Yf(208))-TEMP-Y(12)) 1(2. *Y(208))
TE MP=C(404) /(((Y(ZZ2)-Y(2 10))*(Y( 222) -Y( 210)))+C(402))
C(12)=(2. *Y(208)/(1. -Y(IZ)*C(IZ)))*SQR(TEMP)
IF(SENSE SWITCH 1)46, 19

46 PUNCH, Y(IZ), C(12), 12, C(405)
19 IF(C(404)-l.)47,11,47
47 Y(I2)=Y(225)/(((Y(Z07)-Y(ZZZ))*(.Y(207)-Y(z22)))+4. *Y(225))

TEMP=-(((Y(207)-Y(22Z))*(Y(207)-Y(22Z)))+4. *Y(Z25))
Y(1Z)=Y(I2)*(Y(207)-Y(222))/SQR(TEMP)
C(40 6) =Y(12)
Y(I2) -Y(225) f((Y(ZZZ)*Y(222))+4. *Y(225))
TEMP=(Y(222)*Y(222))+4. *Y(225)
Y(12)=( 1. +Y(I2)+i 2. 25*Y(I2)*Y(I2)))*(Y(222) /SQR(TEMP))
IF(SENSE SWITCH 1)48,49

48 PUNCH, Y(12), C(406)
49 Y(12)=(Y(12)+C(406))*o. 5

IF(C(404))26, 26, 27
26 C1)O
27 C(12)!!C(IZ)4,(!. -SQR(C(404)))/(I. -Y(I2)*C(40 5))

IF(SENSE SWITCH-1)50, 11
50 PUNCH, Y(12). C(IZ)
I1I TEMFA(((Y(2ZZI.:Y(210))*(Y(ZZZ)~-Y(2 l0fl)+C(402))

C(12)=(C(I2)*'Y(206)*C(405)*C(402)) /((C(403 )*C(403)*C(403))*TEMP)
IF(SENSE SWITCH 1)5 1,52 C42

51 PUNCH, Y(12), C(12), C(404), C42
52 12=12+1

Y(218)=Y(218)+Y(z17)
3 CONTINUE

Y(2 19) =0.
M6-11 1.
DO 412 =3, M6, 2
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31+1
Y(219)=Y(219)+(2. *C(IZ))+4. *C(J)

4 CONTINUE
31=1I5+500
J2=I1+1

Y(22 1) A-Y(z0)- Y(Z4)) /D4
C(5OZ)=Y(502)

IF(SEN1 9E SWITCH 1)53,54
53 PUNCH , GO 1), 15
54 Y(Z2Z)v=Y(Z22)+Y(2?.1)
23 CONITINUIE

Y223) =0.
DO 24 5 =4,14, Z
J4.-1 5+500
3,i545+5 01

Z4 Y(223)=Y(Z 223)+(Z. *C(34))+4. *C(J5)
IF(SENSE SWITCH 1)55. 56

1. 5 PUNCH, Y(221)
56 36.14+2

Y(2,24'-("(2ý)1)/3. )*(C(502)+(4. *C(503))+Y(2Z?3)+C(36))
I.Y(Z33)-=-Y(Z24)+Y(23Z)

PUNCH, Y(233), Y(204), Y(Z05), Y(224)
PUNCH, Y(207),Y(208).Y(Z09),Y(ZjO)
IF(SENSE SWITCH 1)57,58

57 PUNCH, Y(229),Y(Z30),Y(231),C(4O9)
PUNCH, Y(Z17),Y(ZZ1),Y(502),C(502)

58 PUNCH, Y(Z11),Y(Z1Z),Y(Z13),Y(Z06)
37.0
PUNCH, 37
00 TO 1
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